Introduction 24 25
For engineers of various areas, the study of vibrations and dynamics is an important cornerstone. 26
In the particular case of civil and structural engineering, the vibration of beams and frames 27 represent one of the first topics to be discussed in traditional courses of structural dynamics. 28
Generally, these students have taken introductory and/or advanced courses of statics at this point 29 of their curricula. Both dynamics and statics erect the frame of the vast field labeled in civil 30 engineering as structural analysis. In dynamics, basic concepts such as damping, frequency, 31 resonance or isolation are of an utmost importance when understanding more complex 32 phenomena related to single-or multi-degree of freedom systems. Classic textbooks such as 33 (Fig. 1(a) ), the draw function allows developing computer simulations 150 involving movement of objects. In the case of Arduino ( Fig. 2(b) ), the loop function defines all 151 orders to be performed by the electrical flow designed with the corresponding circuitry. for the first and second part. The students use desktop computers and electronic 221 equipment in groups or individually. The third part is entirely driven by students as the 222 constructors of 3D models. 223
• Homework (compulsory submission) are aimed at developing physical simulations or at 224
analyzing physical results obtained in real models.
• Bonus (not compulsory) is a gamified feature of the experience, as an additional 226 submission of creative projects. These creative projects may be also rewarded by 227 featuring the results in social networks or in school days. 
Physical experiments. Free vibrations and harmonic oscillations 278 279
First, a 2-hour long introduction related to basic electronics is presented. The students are 280 provided with kits containing the following equipment: 281
• Arduino UNO board with USB cable 283
• Light dependent resistors (LDR) 284
• A potentiometer 285
• Buttons 286
• A breadboard 287
• A 3-axis accelerometer 288
• A small 9V motor and a servomotor 289
• 330Ω, 1k Ω and 10k Ω resistor, a Mosfet transistor and cables. 290
291
The intro is conceived as a trial-and-error hands-on experience of the students developing 292 basic circuitries and codes. The main idea is to provide tools and exercises that allow 293 students answering the following questions: 294
295
• How to obtain an analog magnitude from an accelerometer using an Arduino Board 296 and plotting the results in a Desktop/Laptop computer? 297
• How to visualize acceleration values from an excited system in real time? 298
• How to control a 5V motor with an Arduino Board by using controllers such as 299 buttons and potentiometers? 300
301
The core of this part is the design of two experiments: i) Free vibrations and ii) harmonic 302 excitations in structural systems. Both experiments are performed in a cantilever steel 303 beam of varying length and rectangular cross-section 20mmx4mm. The steel plate is 304 connected to a rigid table with adjustable clamping devices. Thus, students can 305 manipulate the steel plate and adjust its length. In both experiments, a three-axis 306 accelerometer is connected to an Arduino board. In experiment 1 (free vibrations, Fig. 5) , 307 an initial displacement u0 is applied in the tip of the cantilever. The system vibrates freelyfor several seconds. In experiment 2 (Fig. 6) , an Arduino-controlled eccentric rotor 309 excites the system in a harmonic way. The speed of the motor is controlled with buttons 310 and a potentiometer. Finally, schemes of the circuitries that are used for acquiring values 311 of acceleration (Fig. 7(a) ) and for controlling an actuator (a small motor) are provided 312 (Fig. 7(b) ) 313 314
Hands-on construction and instrumentation of 3D frames. 315 316
The educational experience includes the construction of 3D frames using steel bars, 317 plastic bars (polyamide), methacrylate plates for slabs, bolts and nuts and a rigid plate for 318 the base. These elements offer versatility. Additional masses and varied geometry (height 319 and number of stories) can be achieved by students. The students are given initial 320 conditions to design their buildings: the structure should have a natural frequency ranging 321 from 1Hz to 10Hz and a maximum of 5 kilograms. The lab facilities include a scale-322 reduced shaking table in which structures with such maximum characteristics may be 323 tested. Consequently, the students use numerical concepts presented in the theoretical part 324 of the course for designing the buildings. The students calculate the natural frequency of 325 a 2-3 degrees of freedom system and play with the variables height, material, number of 326 stories, and added mass. Fig. 8 shows the construction phases of such building in past 327 editions of the educational experience. 328
329
Subsequently, the models are tested with 2D axis accelerometers at each story. The base 330 motion is generated with a scale reduced modal exciter available in the laboratory 331 The educational experience has been implemented in small groups ranging from 4 to 15 students 345 from a Master Course of Construction Engineering. The methodology of some of these previous 346 editions was not identical though. The results obtained so far when applying the depicted 347 methodology prove satisfactory for small groups. Submissions of the compulsory homework are 348 correct and their quality is remarkable. In small groups, however, the bonus submissions are not 349 numerous so far. damping, resonance, frequency and motion are inferred and studied from simulations. Figure 11  352 displays images of the experiments (both cantilever and frame) and some of the results submitted 353 by students in form of adapted plots. During these experiences, the students face typical situations 354 related to experimental mechanics such as: validation of results and difference between theory 355 and tests, which is very valuable as an educational experience for the particular case of structural 356 dynamics. The students analyzed different alternatives to which these discrepancies may be 357 attributed to. Imperfect clamping of the elements, imperfect horizontality of the sensors and/or 358 frame elements or asymmetries are generally the main reasons of these differences. 359
360
One key aspect of the educational experience is the feedback from students. Since this course also 361 includes hours of theory and exercises within a regular classroom, it is possible to check the 362 experimentally obtained results with those derived theoretically. As a result, a validation process 363 is performed by students. It is worth pointing out that this validation process is useful not only for 364 its own sake, but also, for testing the educational capabilities of the experience as a whole. When 365 results obtained match, the students gain self-confidence about the whole experience. If Arduino-wise, the key aspect in the experience is to teach how to collect analog magnitudes from 388 sensors. This process is relatively straightforward. Values obtained with potentiometers or light 389 dependent resistors are useful for beginners since these magnitudes can be altered and understood 390 easily by the users. Once the signal magnitudes are collected, the key issue is to send it via serial 391 port to the computer to be collected by Software. In Processing, an Arduino object must be 392 declared and thus, methods related to collecting analog values from sensors can be applied to 393 these objects. In this particular set of experiments, the construction part involves "hands-on" 394 experimental hours with previous design of a structure using theoretical and numerical tools. Themost important aspect in this part is to conceive a structure that may be excited appropriately by 396 the laboratory facilities. 397
398

Conclusions 399 400
In this paper, a design of an experimental experience related to structural dynamics based upon 401 DFM tools is presented. The classroom is designed in such a way that first, the students get 402 
